in conjunction with ACL tears [3] . The reported incidence of meniscal injury varies considerably, ranging from 16% to 82% in patients with acute ACL tears and up to 96% in those with chronic ACL tears [3, 4] . The lateral meniscus is injured more often in patients with acute ACL tears, and the medial meniscus is more likely involved in those with chronic ACL tears [4, 5] .
OBJECTIVE. The objective of our study was to assess the prevalence and evolution of intrameniscal signal-intensity alteration in subjects with an anterior cruciate ligament (ACL) tear over 24 months and compare clinical outcome and changes of cartilage between subjects with and those without this meniscal abnormality.
MATERIALS AND METHODS. Fifty-seven subjects with an ACL tear were screened for intrameniscal signal-intensity alteration. Morphologic and compositional MRI was performed before ACL reconstruction and 12 and 24 months after ACL reconstruction. Twelve subjects with an intrameniscal signal-intensity alteration and 12 subjects without any meniscal abnormality on MRI were identified. Clinical outcome was measured using the Knee Injury and Osteoarthritis Outcome Score (KOOS), and T1ρ and T2 maps of the cartilage were obtained.
RESULTS. In 10 of 12 subjects (83%) the meniscal signal-intensity abnormality identified on baseline MRI was located at the posterior horn of the medial meniscus. None of these subjects presented with a meniscal tear over 24 months of follow-up. At 12 months after the ACL tear, the intrameniscal signal-intensity alteration detected on baseline MRI had completely resolved in seven of 12 subjects (58%), showed a signal-intensity decrease in four (33%), and remained stable in one subject (8%). Of the 10 subjects who underwent MRI at 24 months, the meniscal signal-intensity alteration had completely resolved in eight (80%), and the signal intensity had decreased in the other two subjects. Changes in the KOOS and cartilage T1ρ and T2 values from baseline and 24 months did not differ significantly between subjects with and those without intrameniscal signal-intensity alteration (p > 0.05).
CONCLUSION. High intrameniscal signal-intensity alterations are a common finding in subjects with an ACL tear and have a benign course over 24 months after surgical repair of the ACL tear.
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Guimaraes et al. [10] . The detection of meniscal abnormalities is essential for both determining prognosis and planning therapy because meniscal injury and meniscal surgery or meniscectomy performed at the same time as ACL reconstruction have previously been shown to be associated with an increased risk for knee osteoarthritis [11, 12] .
However, most previous studies correlating ACL tears and meniscal abnormalities have focused on meniscal tears. Meniscal contusions have been described as another possible entity of meniscal lesions by Cothran et al. [13] ; they defined meniscal contusions as an area of increased internal signal intensity in the meniscus that was less discrete and less well defined than the signal-intensity abnormality associated with a meniscal tear.
Nevertheless, the exact cause as well as the incidence and clinical significance of this high intrameniscal signal-intensity alteration remains unclear. It is also not known how a high intrameniscal signal-intensity alteration impacts cartilage health and whether this abnormality induces early degenerative changes in the biochemical composition of cartilage, which can be measured with T1ρ and T2 mapping using advanced quantitative MRI techniques. Previous studies have shown that these techniques are highly sensitive in detecting very early cartilage abnormalities in posttraumatic knees [14, 15] . Therefore, we hypothesized that high intrameniscal signal-intensity abnormalities are a transient, reversible imaging finding without substantial clinical relevance in postsurgical ACL repair subjects.
The purpose of this longitudinal study therefore was to assess the prevalence and natural evolution of high intrameniscal signal-intensity alteration in subjects with an ACL tear, investigate compositional changes of cartilage using MRI-based T1ρ and T2 measurements after ACL tear over 24 months related to high intrameniscal signal-intensity alteration, and compare the clinical outcomes between subjects with and those without high intrameniscal signal-intensity alteration.
Materials and Methods Subjects
For this study, 57 subjects with complete traumatic acute ACL tear (32 women and 25 men; mean age ± SD, 32.6 ± 8.3 years; mean body mass index [BMI; weight in kilograms divided by the square of height in meters], 24.5 ± 3.5) from an ongoing prospective study funded by the Arthritis Foundation were screened on MRI for meniscal contusions. All patients gave written informed consent, and the study was approved by our institutional review board. We included subjects with a clinically diagnosed acute complete ACL rupture, which had been confirmed on preoperative MRI, who underwent ACL reconstruction and standard pre-and postoperative rehabilitation. Complete preoperative MRI, clinical examinations, and arthroscopic surgery performed within 12 weeks after the ACL injury were required for inclusion in the study. Exclusion criteria were a history of osteoarthritis, inflammatory arthritis, injury, or surgery of the knee and repeated knee injuries during the follow-up period. The subjects also underwent knee MRI and clinical examinations at 12 and 24 months after surgery.
In this population, 24 subjects were identified without any meniscal (medial and lateral) tear or higher-grade meniscal abnormality at arthroscopic surgery. The preoperative MRI examinations of these 24 subjects were retrospectively reviewed. Twelve subjects showed a high intrameniscal signal-intensity alteration on baseline MRI, according to the imaging criteria described below (case cohort). The remaining 12 subjects without any meniscal abnormalities on baseline MRI were used as control subjects for the comparison of clinical and compositional cartilage analyses. MRI examinations of the contralateral knees of these 24 subjects before surgery and 12 and 24 months after surgery were analyzed.
We also retrospectively reviewed the preoperative MR images of the 33 subjects who presented with a meniscal tear or higher-grade meniscal abnormality at arthroscopic surgery, and none of these patients showed an isolated high intrameniscal signal-intensity alteration in the medial or lateral menisci.
Arthroscopy Surgery
All 57 subjects underwent arthroscopic surgery and standard-of-care anatomic reconstruction of the ACL after ACL injury.
Imaging Protocol and Analysis
Bilateral knee MRI examinations were acquired using a 3-T MRI scanner with an 8-channel knee coil. The imaging protocol included a high-resolution 3D fast spin-echo (FSE) (Cube, GE Healthcare) sequence and T1ρ and T2 mapping.
The detailed MRI acquisition parameters (morphologic and compositional) are summarized in Table 1 . Preoperative and 12-month follow-up MRI examinations were available for all subjects, whereas 24-month follow-up MRI examinations of 10 subjects in each group were analyzed because two subjects with meniscal contusion and two subjects from the control group were lost to follow-up.
Morphologic Imaging
All examinations were independently evaluated using all available MRI sequences for the presence of a high intrameniscal signal-intensity alteration by two radiologists (one board-certified musculoskeletal radiologist with 6 years of experience [reader 1] and a radiology resident with 3 years of experience [reader 2]). In cases of disagreement, consensus readings were performed with a third board-certified musculoskeletal radiologist with 23 years of experience (reader 3).
A high intrameniscal signal-intensity alteration was defined as an intrasubstance high-signal-intensity abnormality on fluid-sensitive sequences seen in more than two images or planes that did not reach the articular surface or the free margin of the meniscus, as previously described by Cothran et al. [13] (Fig. 1) . Follow-up MR images (12 and 24 months) of both groups were assessed for the presence of signal-intensity alterations indicating a meniscal contusion and for the presence of meniscal tears or any change of meniscal morphology or signal intensity. Radiologists were blinded to preoperative findings, and MRI examinations of each follow-up time point were read at least 1 month after the baseline MRI examinations were read or 1 month after the previous reading had been performed to minimize any recall bias from previous examinations. After the meniscal abnormalities at different time points were registered, the intensities of the intrameniscal signal at the different time points were compared in subjects showing a meniscal contusion on both baseline and follow-up (12 and 24 months) MRI examinations. For this comparison, a visual side-by-side comparison of the high-resolution 3D FSE (Cube) images obtained at the different time points was performed to determine whether the signal intensity had increased, decreased, or remained stable over time (Fig. 2) . If the signal intensity of the intrasubstance signal abnormality was lower on follow-up MRI than on preoperative MRI, the signal-intensity change was graded as a decrease. If the signal intensity of the intrasubstance abnormality was similar to that shown on preoperative MRI, the signal-intensity change was graded as stable. If the signal intensity of the intrasubstance abnormality was higher than that on baseline MRI, the signalintensity change was graded as an increase. The menisci of the contralateral knee were also assessed.
MRI Relaxation Time Quantification
Cartilage was segmented semiautomatically on sagittal Cube images using a Matlab version 8.6 (MathWorks)-based algorithm developed at our institution, as previously described [16] . The following cartilage compartments were analyzed at baseline and 24 months after surgery: medial femur, lateral femur, medial tibia, and lateral tibia. The subcompartments consisting of the posterior medial tibia, posterior central medial femur, and posterior medial femur were included in these analyses.
Piecewise rigid registration was applied along both T1ρ and T2 echoes to account for nonrigid movement of the femur, tibia, and patella with respect to one another. T1ρ and T2 maps were reconstructed by fitting the echo images pixel by pixel to the following equations:
for T1ρ and
S(TE) ∝ S 0 exp(-TE / T2)
for T2 where TSL is the time of spin lock, TE is the echo time, and S is the signal intensity. Cube images were registered to T1ρ and T2 maps, and cartilage contours generated from the Cube images A, Preoperative MR image shows high intrameniscal signal intensity (arrow) at posterior horn of medial meniscus. Also, we identified bone marrow edema pattern (asterisk) at posteromedial tibia, which completely resolved after 12 months. B, MR image obtained at 12-month follow-up shows decreased intrameniscal signal intensity (arrow). Bone marrow edema pattern identified on baseline MRI has completely resolved. C, MR image obtained at 24-month follow-up shows that signal-intensity alteration has completely resolved and morphology of menisci (arrow) is preserved. were overlaid onto the T1ρ and T2 maps. The T1ρ and T2 maps at follow-up time points were also registered to baseline T1ρ and T2 maps. Changes in absolute values at baseline and 24 months and mean T1ρ and T2 measurements on a compartmental level over 24 months (∆ mean T1ρ and ∆ mean T2) were computed by subtracting compartmental mean baseline T1ρ and T2 value measurements from mean values at 24-month follow-up.
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Clinical Outcome
At baseline and 24 months after surgery, all five subscales of the Knee Injury and Osteoarthritis Outcome Score (KOOS) [17, 18] were assessed: pain, symptoms other than pain, activities of daily living (ADL), sport and recreation function, and knee-related quality of life (QOL). KOOS subscales range from 0 to 100, and the maximum KOOS value achievable by a healthy patient is 100. For each subscale, the differences of the absolute values at follow-up and baseline examinations were expressed as changes in KOOS (∆KOOS).
Statistical Analysis
Statistical analysis was performed using statistics software (SPSS, version 22.0, IBM); a twosided 0.05 level of significance was used. The Student t test (for numeric and approximately normally distributed data) and Pearson chi-square test (for categoric variables) were used to evaluate differences between subjects with and those without intrameniscal contusion. Differences in absolute KOOS, differences in T1ρ and T2 values at baseline and 24 months, and ∆KOOS, ∆T1ρ, and ∆T2 measurements subscale scores of subjects with and those without meniscal contusion were compared using the independent-samples t test.
Reproducibility
The interreader reproducibility for the evaluation of the presence of high intrameniscal signalintensity alteration was assessed between the two radiologists in all 57 cases using the intraclass correlation coefficient (ICC). The ICC for interreader reproducibility was 0.93 (95% CI, 0.91-0.95).
For the intrareader reproducibility analysis, both readers repeated the readings of 25 randomly selected patients after at least 2 weeks. The ICC for intrareader reproducibility was 0.94 (95% CI, 0.92-0.96).
In the preoperative MRI analyses, reader 1 identified 12 subjects (12/57 subjects) with a high intrameniscal signal-intensity alteration and reader 2 identified 10 subjects (10/57 subjects). The MRI examinations of the two subjects with discrepant reads were analyzed by reader 3, and a high intrameniscal signal-intensity alteration was determined to be present on both examinations.
Results
Prevalence of Meniscal Intrasubstance Signal-Intensity Abnormalities and Baseline Imaging Characteristics
In 21% (n = 12) of the subjects with an ACL tear (n = 57), a high intrameniscal signal-intensity alteration was detected on preoperative MRI. There were no significant differences between subjects with and those without a high intrameniscal signal-intensity alteration in age (31.4 ± 2.6 vs 36.8 ± 2.4 years, respectively; p > 0.14) or BMI (23.6 ± 1.9 vs 24.9 ± 3.5; p > 0.26). None of subjects presented with any meniscal abnormalities in the contralateral knee on MRI examinations performed at baseline or at 12 or 24 months after surgery; these analyses confirmed that the intrasubstance signal-intensity abnormalities were strictly unilateral.
None of the subjects with a high intrameniscal signal-intensity alteration showed any meniscal abnormalities in the same region during arthroscopic surgery, which was performed to reconstruct the ACL. In 83% (10/12) of the subjects, the high intrameniscal signal-intensity alteration was located at the posterior horn of the medial meniscus. In the remaining 17% (2/12), it was located at the posterior horn of the lateral meniscus.
In 67% (8/12) of the subjects with a high intrameniscal signal-intensity alteration, we identified a bone marrow edema pattern at the posteromedial tibia on the baseline MRI study. This finding was present in 80% (8/10) of the subjects with a high intrameniscal signal-intensity alteration at the medial meniscus (Fig. 2) . The bone marrow edema pattern at the posteromedial tibia completely resolved in 88% (7/8) of the subjects, and the bone marrow edema pattern significantly decreased in size in 13% (1/8) after 12 months and had completely resolved in all studied subjects (100%) after 24 months.
Evolution of Meniscal Intrasubstance Signal-Intensity Abnormalities Over 24 Months
None of the subjects with a high intrameniscal signal-intensity alteration on baseline MRI presented with a meniscal tear or other higher-grade meniscus abnormality on MRI at the two follow-up time points (12 and 24 months). Twelve months after surgery, the high intrameniscal signal-intensity alteration had completely resolved in 58% (7/12) of the 12 subjects. The high intrameniscal signalintensity alteration had decreased in 33% (4/12) when compared side-by-side with the baseline MRI examination, whereas the high intrameniscal signal-intensity alteration had remained stable in 8% (1/12).
In the subgroup of 10 subjects who underwent both 12-and 24-month follow-up examinations, the high intrameniscal signal-intensity alteration had completely resolved in 50% (5/10) after 12 months and did not reoccur after 24 months. In 30% (3/10) of the subjects with complete follow-up, the signal-intensity alteration decreased after 12 months and was completely gone after 24 months. In 20% (n = 2) of the subjects, the intrasubstance signal intensity was still slightly abnormal but had decreased when compared side-by-side with the previous examinations. Therefore, at the 24-month follow-up, the high intrameniscal signal-intensity alteration had completely resolved in 80% (8/10) of subjects who had undergone follow-up MRI at both time points and had clinical data available. In the remaining two subjects in whom the high intrameniscal signal-intensity alteration had not completely resolved, the signal intensity had at least decreased when compared with the findings on baseline MRI.
Clinical Outcome
Absolute KOOS values at baseline and 24 months after surgery and ∆KOOS for pain, symptoms, ADL, sport and recreation function, and knee-related QOL did not differ significantly (p > 0.05) between subjects with and those without a high intrameniscal signal-intensity alteration. The absolute KOOS scores and ∆KOOS scores of subjects with and those without meniscal contusion are summarized in Table 2 .
Compositional Analyses of Cartilage Using T1ρ and T2 Values at Baseline and 24 Months
Interestingly, T1ρ and T2 values at the medial tibia tended to be higher on baseline MRI in the subjects with high intrameniscal signal-intensity alteration than in the control subjects; however, on 24-month follow-up MRI, the T1ρ and T2 values at the medial tibia had increased more in the control subjects than in the case subjects. Unfortunately, none of these differences were statistically significant (p > 0.05).
Overall absolute cartilage T1ρ and T2 values at baseline and 24 months did not significantly (p > 0.05) differ between subjects with and those without high intrameniscal signal-intensity alteration. Moreover, ∆T1ρ and ∆T2 over 24 months did not show significant differences (p > 0.05) between the two groups. The absolute T1ρ and T2 values Note-Data are expressed as mean ± SD. The cartilage quality based on T2 values and ∆T2 was not inferior in subjects with meniscal contusion compared with control subjects.
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at baseline and 24 months and ∆T1ρ and T2 values of subjects with and those without traumatic high intrameniscal signal-intensity alteration at the medial femur, medial tibia, lateral femur, lateral tibia, posterior medial tibia, posterior femur, and posterior central medial femur are summarized in Tables 3 and 4 .
Discussion
The results of our study showed that hyperintense signal abnormalities within the meniscus indicating posttraumatic meniscal contusions were found in approximately 20% of patients after acute ACL tear. The meniscal contusions were frequently located in the posterior horn of the medial meniscus and were highly associated with a bone marrow edema pattern at the posteromedial tibia. This high intrasubstance signal-intensity abnormality resolved in most of the studied subjects over 2 years, and none of the subjects developed a meniscal tear or other higher-grade meniscus abnormality over that time period. When comparing the clinical outcome and the cartilage composition of subjects with high meniscal intrasubstance signal intensity and the control group, consisting of subjects with an ACL tear and no meniscal abnormality, there were no statistical differences between the two groups. These results suggest that meniscal contusion had no significant impact on the clinical outcome or accelerated progression of knee cartilage degeneration over 2 years.
The term "meniscal contusion" was adopted in 2001 [13] ; it was postulated that this abnormal meniscal signal intensity is a type of injury within the meniscus, probably because the meniscus has been exposed to a highimpact compression injury during trauma. We found a high intrameniscal signal-intensity alteration in 21% of the subjects with an ACL tear, which shows that this MRI finding is one that frequently accompanies this type of injury. Mustonen et al. [19] studied the association between meniscal lesions and tibia plateau fractures and reported that meniscal contusions were detected in 28% of the analyzed subjects. We hypothesize that the impact of the trauma was lower in our subjects, which may explain the slightly greater number of cases of high intrameniscal signal-intensity alteration in their study in comparison with ours. In our study, none of the subjects with meniscal contusion detected on MRI showed any meniscal abnormalities in the same region during arthroscopic surgery performed to reconstruct the ACL. This finding suggests that this meniscal abnormality cannot be detected during surgery and may be detected only using MRI. Most high intrameniscal signal-intensity alterations (83%) were found in the posterior horn of the medial meniscus, which is in accordance with the previous results reported in the literature [13] . In most subjects with a high intrameniscal signal-intensity alteration at the medial meniscus (80%, n = 8), we identified a bone marrow edema pattern at the posteromedial tibia, subjacent to the posterior horn of the medial meniscus, that was probably related to the trauma mechanism. As discussed by Cothran et al. [13] , this injury might be caused by a contrecoup injury [20] in which an impact occurs at the posteromedial aspect of the tibial plateau and, analogously, the posterior horn of the medial meniscus after an ACL tear.
The results from the current study not only suggest that most of these high intrameniscal signal-intensity alterations resolve, but also show that none of the subjects with meniscal contusion had developed a meniscal tear at 12-and 24-month follow-ups; these results are consistent with a benign evolution of a high intrameniscal signal-intensity alteration detected on MRI after an ACL tear. The longitudinal analyses showed that this abnormal signal intensity detected within a meniscal contusion is a type of transient injury and tends to resolve over time.
One possible differential diagnosis for meniscal contusions is the intrasubstance meniscal signal-intensity abnormality, which is associated with intrasubstance degeneration and has been shown to represent an increase in mucoid intercellular ground substance in studies correlating MRI and histologic findings [21] . Intrasubstance degeneration is commonly found in older subjects but is rarely found in younger populations, such as the one in our analysis. Also, intrasubstance signalintensity abnormalities of the menisci are not related to trauma, which differentiates this finding from a meniscal contusion, which is a common finding in young posttraumatic subjects. A recent study showed that most cases of intrasubstance degeneration are unlikely to regress and are prone to progress to a degenerative meniscal tear [22] . This outcome is different from what we found in the subjects with a traumatic high intrameniscal signalintensity alteration: In most cases, the intrasubstance signal-intensity alteration either completely resolved or at least decreased, and none of the subjects developed a meniscal tear over 2 years. MRI analyses of the contralateral knee of the subjects with meniscal contusion showed that none presented with a high meniscal intrasubstance signal-intensity alteration or any other abnormality of the contralateral meniscus. These results show that this finding (presumably traumatic high intrameniscal signal-intensity alteration) is most likely related to the previous trauma mechanism and is not related to degenerative changes.
Standard MRI sequences, which include fat-saturated T2-weighted, proton densityweighted FSE, and T1-weighted spoiled gradient-echo sequences, have been reported to be useful in detecting morphologic changes associated with cartilage breakdown noninvasively [6] . These sequences, however, are limited in detecting early degenerative changes of the cartilage matrix [23, 24] . Recent developments in MRI techniques, such as T1ρ and T2 mapping , can be used to quantify the earliest biochemical changes in the cartilage matrix that occur even before cartilage degeneration can be detected morphologically [25] . Several previous studies have evaluated cartilage T1ρ and T2 values to detect compositional cartilage matrix changes after ACL injury and reconstruction [14, 15, 26] . Therefore, these techniques are adequate to analyze initial cartilage damage in the posttraumatic knee. However, by using these techniques (i.e., T1ρ and T2 mapping), we showed that subjects with an ACL tear and a high intrameniscal signal-intensity alteration do not show significantly accelerated progression of cartilage degeneration over 24 months when compared with ACL-injured patients without any meniscal abnormality. These results further support our hypothesis that a high intrameniscal signal-intensity alteration is a transient, reversible imaging finding without substantial relevance. The clinical outcome (mean ∆KOOS score) and the quantitative cartilage analyses (∆T1ρ and ∆T2 values) did not differ significantly between subjects with a traumatic high intrameniscal signal-intensity alteration and subjects without a meniscal abnormality, again suggesting a benign evolution with regard to not only cartilage composition but also clinical context.
It remains unclear what the abnormal signal intensity in a meniscal contusion is caused by, and the periphery of the meniscus is known to have a vascular zone [27] . Therefore, as previous described [13] , we believe that this type of lesion is related to blood products from a traumatic injury to the Outcome of MRI Meniscal Contusion After ACL Tear vascular zone of the meniscus and results in increased signal intensity on MRI after acute or subacute injury. In most cases, the blood products can be reabsorbed, showing the transient characteristics of this lesion, without any major damage in the meniscal structure or function, as shown by the longitudinal MRI analyses.
There is paucity of studies in the literature and a lack of diagnostic proof about this type of traumatic meniscal alteration. This lack of information is probably because these meniscal abnormalities cannot be identified at knee arthroscopy and there is no specific treatment. Moreover, this meniscal abnormality does not seem to be a cause of major meniscal dysfunction and its clinical evolution suggests a benign course.
This study has several limitations. First, it was based on a relatively small cohort of 57 subjects overall. In these subjects, intrasubstance signal-intensity abnormalities were found in 12 subjects (21%), which probably represents the normal prevalence of this finding. However, together with the control cases, we were able to follow 24 subjects over 12 months and 20 subjects over 24 months in this first longitudinal assessment of this entity. In terms of clinical outcome, the group with meniscal contusions showed mildly reduced improvement with KOOS, but this difference was not statistically significant. The lack of significance may be an issue of a lack of power with the small sample size, so this difference needs to be tested in a larger cohort. Further subgroup analyses such as a comparison of the clinical performance in subjects with versus those without decreasing signal-intensity abnormalities were impossible because of even smaller sample sizes. In the MRI analyses, the intrasubstance signal-intensity abnormality was graded subjectively; in addition, during the visual side-by-side comparisons of the meniscal signal intensities, the baseline study was known to the readers, introducing the possibility of bias. Nevertheless, this study is the first longitudinal study to date to assess the evolution of high intrameniscal signal-intensity alterations in subjects with an ACL tear and is the only study to analyze the clinical outcome and cartilage quality longitudinally over 2 years.
In summary, we have found that a high intrameniscal signal-intensity alteration detected on MRI is a common finding in subjects with an ACL tear and that it is frequently located in the posterior horn of the medial meniscus. Because this meniscal abnormality is likely to be reversible over 24 months and does not have a significant impact on clinical outcome or cartilage quality, it should be considered to be a benign transient finding on postsurgical MRI of subjects who have undergone ACL repair.
